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Introduction

In recent years, the search for renewable energy has re-
ceived worldwide attention because of the fast depletion of
fossil fuel reserves and global warming as well as environ-
mental pollution problems accompanying fossil fuel con-
sumption. Solar-energy conversion devices that convert
photon energy into electricity are very attractive due to the
unlimited solar-energy supply. Inorganic semiconductor
solar cells, such as silicon solar cells, have been developed
over several decades and have important applications, such
as satellites and solar houses. However, silicon materials are
very expensive and low-cost alternatives, such as organic
semiconductors[1] and organic dye-sensitized solar cells
(DSSCs),[2] have attracted considerable interest from both
academic and industrial communities. To date, polymer-
based solar cells can produce a solar-energy-to-electricity

conversion efficiency (h) of up to ~5 %.[3] In contrast, ruthe-
nium–polypyridyl complex-based DSSCs were reported to
have an even higher h value of ~11 %.[4]

After Gr�tzel�s seminal reports on a DSSC that utilized a
RuII-based N3 dye,[5] cis-[Ru ACHTUNGTRENNUNG(SCN)2L2] (L =2,2’-bipyridyl-
4,4’-dicarboxylate), and a black dye,[6] [Ru ACHTUNGTRENNUNG(SCN)3L] (L=

4,4’,4’’-tricarboxy-2,2’:6’,2’’-terpyridine), a few DSSCs with
similar RuII–bipyridine or terpyridine dyes[7] have been re-
ported with efficiencies higher than 10 %, a value close to
an amorphous silicon-based photovoltaic cell. There are two
important factors contributing to the high performance of
the devices: 1) the presence of strong metal-to-ligand
charge-transfer (MLCT) absorption extending to >700 nm
allows efficient light-harvesting in the red to near IR region
and 2) efficient electron transfer from the commonly used
electrolyte, I�, to the ruthenium dye cation.[8] In recent
years, metal-free dipolar organic sensitizers have also been
actively investigated. Relative to ruthenium dyes, organic
compounds have several advantages: 1) they have larger
molar extinction coefficients, which is beneficial to light-har-
vesting, 2) their structural modification is more flexible, and
3) they are of lower cost. Considerable progress has been
made on metal-free dipolar organic sensitizers,[9] and recent-
ly Wang and co-workers reported an impressive high conver-
sion efficiency of 9.8 % with excellent stability for a DSSC
based on a metal-free sensitizer.[10] DSSCs that utilize metal-
free organic sensitizers, such as coumarin-,[11] indoline-,[12]

cyanine-,[13] hemicyanine-,[14] merocyanine-,[15] perylene-,[16]

Abstract: A novel series of dipolar or-
ganic dyes containing diarylamine as
the electron donor, 2-cyanoacrylic acid
as the electron acceptor, and fluorene
and a heteroaromatic ring as the conju-
gating bridge have been developed and
characterized. These metal-free dyes
exhibited very high molar extinction
coefficients in the electronic absorption
spectra and have been successfully fab-

ricated as efficient nanocrystalline TiO2

dye-sensitized solar cells (DSSCs). The
solar-energy-to-electricity conversion
efficiencies of DSSCs ranged from 4.92
to 6.88 %, which reached 68–96 % of a

standard device of N719 fabricated and
measured under the same conditions.
With a TiO2 film thickness of 6 mm,
DSSCs based on these dyes had photo-
currents surpassing that of the N719-
based device. DFT computation results
on these dyes also provide detailed
structural information in connection
with their high cell performance.

Keywords: donor–acceptor sys-
tems · energy conversion · fluorenes ·
solar cells · sulfur heterocycles

[a] Dr. C.-H. Chen, Dr. Y.-C. Hsu, Dr. H.-H. Chou, Dr. K. R. J. Thomas,
Prof. Dr. J. T. Lin, Prof. Dr. C.-P. Hsu
Institute of Chemistry, Academia Sinica
Taipei, 115 (Taiwan)
Fax: (+886) 2-27831237
E-mail : jtlin@chem.sinica.edu.tw

[b] Prof. Dr. J. T. Lin
Department of Chemistry, National Central University
Chungli, 320 (Taiwan)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200903151.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 3184 – 31933184



thiophene-,[11b, 17] and triarylamine-based[18] compounds were
reported to have good conversion efficiencies.

In a previous study, we found that DSSCs based on (E)-2-
cyano-3-(5-{9,9-diethyl-7-[naphthalen-1-yl ACHTUNGTRENNUNG(phenyl)amino]-
9H-fluoren-2-yl}thiophen-2-yl)acrylic acid[17b] exhibited an
impressive conversion efficiency (>90 % of the standard cell
from N3). Possibly the high efficiency of the DSSC stems
from the high molar extinction coefficient of the electronic
absorption band even though the absorption maximum ap-
pears at a much shorter wavelength than that of N3. It is
our speculation that the diarylamine donor with a fluorenyl
conjugation in the sensitizer plays an important role for the
high performance of DSSCs. In this paper, we report a
series of metal-free dipolar compounds containing fluorene
and heteroaromatic rings as the conjugating bridge. The ef-
fects of the donor and the conjugating bridge on the photo-
physical properties of the dyes and on the performance of
DSSCs that use these dyes as the sensitizers are discussed.

Results and Discussion

Synthesis of materials : Com-
pounds (1–8) synthesized in this
study are composed of a diaryl-
amine moiety as the electron
donor, a conjugating bridge
consisting of a fluorenyl unit
and a heteroaromatic ring, and
2-cyano-acrylic acid as the elec-
tron acceptor and anchoring
group to the TiO2. The synthet-
ic protocols for 2–8 are illustrat-
ed in Schemes 1 and 2. In
Scheme 1, two key steps were
adopted to obtain the inter-
mediates that had no internal
vinyl unit between the fluorenyl
unit and the heteroaromatic
ring: 1) selective conversion of
one of the aromatic bromides
to an arylamine through a
Buchwald–Hartwig C�N bond-
formation reaction and 2) a
Suzuki coupling reaction of the
corresponding boron reagent
with aryl bromide. Whereas in
Scheme 2, the key steps to
obtain the intermediates with
an internal vinyl unit between
the fluorenyl unit and the heter-
oaromatic ring are: 1) reduction
of 7-bromo-9,9-dihexyl-9H-fluo-
rene-2-carbaldehyde to the cor-
responding alcohol by sodium
borohydride, 2) treating the al-
cohol with triphenylphosphoni-

um hydrobromide to form the corresponding phosphonium
salt, 3) Wittig reaction of the phosphonium salt with thio-
phene-2-carbaldehyde or 2-formylthiazole to afford the in-
termediate with an internal vinyl unit as a mixture of E and
Z isomers, 4) pure E isomer was obtained by adding a cata-
lytic amount of iodine into the CH2Cl2 solution of the E/Z
mixture in the dark, and 5) palladium-catalyzed Buchwald–
Hartwig C�N bond-formation reactions between arylbro-
mides and diarylamines. All the intermediates were further
formylated then reacted with cyanoacetic acid in glacial
acetic acid by a Knoevenagel reaction to form the desired
products. The coupling constant (J ~15.7 Hz) between the
two vicinal vinyl protons in the 1H NMR spectra unambigu-
ously identifies the E configuration of the dyes. The dyes
are dark-brown and -purple powders, respectively, and are
readily soluble in common organic solvents, such as THF,
CH2Cl2, and CHCl3.
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Photophysical properties : The absorption spectra of the
dyes in THF are shown in Figure 1 and the photophysical
data are collected in Table 1. The band ranging from 300–
400 nm (band I) can be attributed to the localized p–p*
transition, whereas the band at >400 nm (band II) is likely

due to the charge-transfer tran-
sition mixed with more delocal-
ized p–p* transitions. The
charge-transfer character of the
longer wavelength absorption is
supported by the following ob-
servations: replacement of the
2-cyanoacrylic acid moiety in 7
by a formyl group and a hydro-
gen atom, respectively, leads to
a decreasing of lmax by 40 nm
(467 vs. 427 nm in THF) and
69 nm (467 vs. 398 nm in THF).
The energy of the band II is de-
pendent on the spacer used. For
example, the charge-transfer
and/or the p–p* transition de-
crease in energy when an ethyl-
ene unit is inserted between the
fluorene moiety and the hetero-
aromatic ring, that is, lmax(2)<
lmax(4) and lmax(6)<lmax(7).
Consistent with literature re-
ports,[19] the thiazole moiety
was found to be beneficial in
lowering the energy of the
charge-transfer transition, that
is, lmax(8)�lmax(6)>lmax(2). It
is interesting to note that the
molar extinction coefficient of
the thiazole derivative is lower
than that of the thiophene con-
gener if the heteroatoms are
closer to the acceptor (2-cya-
noacrylic acid), that is, e(8)<
e(2). On the contrary, the thia-
zole compound has a higher
molar extinction coefficient if
the heteroatoms are away from
the acceptor, that is, e(2)<e(6).

Similar to some metal-free di-
polar sensitizers,[17c,g] a blueshift
of the charge-transfer band in a
more polar solvent, that is, neg-
ative solvatochromism, is de-
tected in these compounds. For
example, the lmax value decreas-
es by 20 nm on going from THF
to CH3CN. This may be attrib-
uted to the strong interaction of
polar solvent molecules with
the sensitizer, which weakens

the O�H bond of the carboxylic acid and consequently de-
creases the electron-withdrawing nature of the COOH
group.[17g,18d] Similar behavior was reported in the rutheni-
um-containing black dye.[6]

Scheme 2. Synthetic route for 4, 5, and 7: i) NaBH4, THF; ii) HPPh3Br, CHCl3; iii) a) thiophene-2-carboxalde-
hyde or 2-formylthiazole, tBuOK, THF; b) I2, CH2Cl2; iv) diphenylamine or N,N-bis(9,9-diethyl-9H-fluoren-2-
yl)amine, PdACHTUNGTRENNUNG(OAc)2, P ACHTUNGTRENNUNG(tBu)3, tBuONa, toluene; v) nBuLi, DMF or n-formylmorpholine, THF; vi) 2-cyanoace-
tic acid, NH4OAc, acetic acid.

Scheme 1. Synthetic route for 2, 3, 6, and 8 : i) diphenylamine, [Pd ACHTUNGTRENNUNG(dba)2] (dba =bis(dibenzylideneacetone),
1,1’-bis(diphenylphosphino)ferrocene (dppf), tBuONa, toluene; ii) nBuLi, B ACHTUNGTRENNUNG(OMe)3; iii) 2-bromothiophene, 5-
bromo-2,3-dihydrothieno[3,4-b-1,4]dioxine or 2-bromothiazole, [Pd ACHTUNGTRENNUNG(PPh3)4], Na2CO3 (2 m, aq), toluene; iv) n-
BuLi, DMF or n-formylmorpholine; v) 2-(1,3-dioxolan-2-yl)-5-iodothiazole, [Pd ACHTUNGTRENNUNG(PPh3)4], Na2CO3 (2 m, aq), tol-
uene, then acetic acid; vi) 2-cyanoacetic acid/NH4OAc/acetic acid.
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Electrochemical properties : The electrochemical properties
of the dyes were studied by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV). Representative cyclic
voltammograms are shown in Figure 2 and the relevant CV
data are collected in Table 1. All dyes exhibit a quasi-rever-
sible one-electron redox wave (242–456 mV vs Fc/Fc+) at-
tributed to the oxidation of the arylamine. The oxidation po-
tentials (Eox) of the compounds decrease in the order of 6>
8�1>2>7>3>4>5. The very low oxidation potential in 5
is consistent with our previous observation that the elec-
tron-excessive fluoren-2-yl moiety can significantly increase
the electron density at the attached nitrogen atom.[20] The
heteroaromatic ring in the spacer also affects the oxidation
potential of the arylamine, and the electron-deficient thia-
zole moiety results in a higher Eox value relative to the elec-
tron-excessive thiophene moiety, that is, Eox(6)>Eox(2)>
Eox(3). Moreover, the shorter distance between the amine
and the thiazole leads to a higher Eox value: 6>7. It is con-
ceivable that electron injection from the excited dye to TiO2

is energetically favored since the excited-state potential
(E0�0*) of the sensitizer, estimated from the difference be-
tween the first oxidation potential at the ground state and
the zero–zero excitation energy E0�0, is more negative
(�1.10 to �1.44 V vs NHE, see Table 1) than the conduc-
tion-band-edge energy level of the TiO2 electrode, �0.5 V vs
NHE.[21] Dye regeneration should also be energetically fa-
vored in view that the first oxidation potentials of the dyes

(0.94 to 1.16 V vs NHE) are more positive than that of the
I�/I3

� redox couple (0.4 V vs NHE).[17g,22]

Photovoltaic devices: Dye-sensitized solar cells with an ef-
fective area of 0.25 cm2 were fabricated by using the com-
pounds adsorbed on nanocrystalline anatase TiO2 as the sen-
sitizers and an acetonitrile solution containing I2 (0.05 m)/LiI
(0.5 m)/tert-butyl pyridine (0.5 m) as the electrolyte. The
device performance statistics under AM 1.5 illumination are
collected in Table 2. The photocurrent-voltage (J-V) curves
and the incident photon-to-current conversion efficiencies
(IPCE) of the cells are plotted in Figures 3 and 4, respec-
tively. All the devices showed moderate to good power con-
version efficiencies ranging from 4.92 to 6.88 %. These

values correspond to 68–96 %
of the standard cell of rutheni-
um dye N719 fabricated and
measured under similar condi-
tions. The impressively high
conversion efficiencies of sever-
al devices can be attributed to
the very high molar extinction
coefficients of the dye (e>

35 000 m
�1 cm�1 except 7 and 8),

which well exceed
20 000 m

�1 cm�1, an uppermost
value observed for most ruthe-

Figure 1. Absorption spectra of dyes recorded in THF.

Table 1. Electrooptical parameters of the dyes.

Dye labs (e � 10�4
m
�1 cm�1)[a] [nm] E1/2 (DEp)

[b] [mV] HOMO/LUMO [eV] E0�0
[c] [eV] E0�0*

[d] [V]

1 421 (5.29), 333 (1.39) 435 (65) 5.24/2.66 2.58 �1.44
2 427 (4.26), 348 (2.04), 308 (2.52) 419 (94) 5.22/2.84 2.38 �1.26
3 460 (5.51), 343 (2.03), 309 (2.94) 390 (69) 5.19/2.87 2.32 �1.23
4 462 (3.60), 358 (1.51), 302 (1.84) 375 (76), 888 (106) 5.18/2.93 2.25 �1.17
5 461 (3.94), 374 (5.00) 242 (78), 841 (120) 5.04/2.85 2.19 �1.25
6 448 (5.13), 348 (3.08), 310 (3.10) 456 (92) 5.26/2.93 2.33 �1.17
7 467 (2.74), 355 (1.86), 312 (2.07) 407 (84) 5.21/3.00 2.21 �1.10
8 452 (3.39), 352 (3.07), 313 (2.82) 435 (100) 5.24/2.92 2.32 �1.18

[a] Recorded in THF. [b] Recorded in CH2Cl2. scan rate =100 mV s�1; electrolyte = (n-C4H9)4NPF6; DEp is the
separation between the anodic and cathodic peaks. Potentials are quoted with reference to the internal ferro-
cene standard (E1/2 =++212 mV vs Ag/AgNO3). [c] The bandgap, E0�0, was derived from the observed optical
edge. [d] E0�0*: the excited-state oxidation potential vs. NHE.

Figure 2. Cyclic voltammograms of 4 and 5 recorded in CH2Cl2 (scan
rate: 100 mV s�1 (top). Differential pulse voltammograms in the oxidation
region (bottom).
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nium-based sensitizers.[5–7] Consequently, strong absorption
appears to compensate well for the much shorter absorption
wavelength of the metal-free dyes relative to the ruthenium-
based sensitizers.

The adsorbed densities of the dyes on the TiO2 surface
were checked (1: 2.7 �10�7, 2 : 2.5 �10�7, 3 : 2.8 � 10�7, 4 : 3.0 �
10�7, 5 : 7.9 � 10�8, 6 : 2.9 � 10�7, 7: 3.3 � 10�7, 8 : 2.7 �
10�7 mol cm�2) and found to differ within 25 % except for 5.
The smaller density of 5 is likely due to the greater steric
congestion of the two fluorenyl moieties at the donor. Com-
paratively lower conversion efficiencies and smaller short-

circuit currents (JSC) in 8-based DSSCs can be attributed to
the less efficient light harvesting of the sensitizers after
being adsorbed on the TiO2 surface. Though high-perfor-
mance DSSCs were reported for sensitizers containing the
bis(fluoren-2-yl)amino donor,[17f, 18b, c] sensitizer 5 with such a
moiety was found to have a device efficiency inferior to 2,
which contains a diphenylamino donor. Relative to 2, both
JSC and VOC (open-circuit voltage) dropped in the 5-based
cell. The shorter recombination lifetime of the photoinjected
electrons with the oxidized dye (vide infra) and the smaller
adsorption density of 5 may be the main cause of the lower
photocurrent of the device. The higher-lying HOMO of 5
may also decrease the driving force of dye regeneration by
the electrolyte, I�/I3

�. Accordingly, more competitive recom-
bination (vide infra) of the photoinjected electrons with oxi-
dized dye and oxidized mediator will lead to decreased VOC

and JSC. The lower VOC value of the 5-based DSSC is sup-
ported by its higher dark current (see Figure S1 in the Sup-
porting Information). DSSCs of 4 with a similarly high dark
current also had a relatively low VOC. DSSCs based on 6
have the highest conversion efficiency (6.88%) of all. This
outcome is attributed to four factors: 1) compound 6 has a
high molar extinction coefficient and long absorption wave-
length, 2) the cell has an impressively high VOC value, 3) the
cell has the longest recombination lifetime of the photoin-
jected electrons with the oxidized dye (vide infra), and
4) the cell has the lowest dark current. It is important to
note that the heteroaromatic ring in the conjugating bridge
is very critical for the high performance of DSSCs in this
study. For example, compound 1’ formed by stripping off the
thiophene ring from 1 has a device efficiency at least 10 %
lower than that of 1.[23] A significantly larger molar extinc-
tion coefficient of 1 than 1’ (52 900 vs. ~26 000 m

�1 cm�1)
clearly results in better light-harvesting of the former even
though the two dyes have comparable absorption wave-
lengths. The importance of the fluorenyl unit for the high
performance of the cells is also realized from the following
observations: 1) 1 has a larger molar extinction coefficient
than its congener in which the fluorenyl entity is replaced
by a biphenyl entity, (E)-2-cyano-3-{5’-[4’’-(naphthylphenyla-
mino)biphenylene]thiophen-2’-yl}acrylic acid,[24] and the
former has device efficiency 20 % higher than that of the
latter, 2) when the fluorenyl entity of 2 is replaced with a
phenyl entity, the resulting compound, 5-[4-(diphenylamino-
phenyl)]thiophene-2-cyanoacrylic acid, has a device efficien-
cy ~27 % lower than that of 2.[25] A significantly larger
molar extinction coefficient was also noticed in the com-
pound with the fluorenyl entity, 1. Insertion of a vinyl entity
between the fluorene unit and the heteroaromatic ring leads
to a redshift of the absorption band at the expense of cell ef-
ficiency, that is, (4)< (2) and (7)< (6). The much shorter re-
combination lifetime of the photoinjected electrons with the
oxidized dye is likely an important factor leading to lower
efficiencies of DSSCs based on sensitizers with a vinyl
entity, 4, 5, and 7. However, more studies are needed to elu-
cidate the role of the vinyl entity. Increasing the number of
the thienylfluorene segments also results in the inferior effi-

Table 2. Performance parameters of DSSCs based on dyes 1–8 and
N719.[a]

Dye Jsc [mA cm�2] Voc [V] FF h [%]

1 16.06 0.67 0.64 6.76
2 15.82 0.68 0.63 6.78
3 14.32 0.68 0.64 6.23
4 15.67 0.65 0.64 6.46
5 13.65 0.64 0.67 5.78
6 14.55 0.71 0.67 6.88
7 13.66 0.67 0.64 5.83
8 10.40 0.66 0.72 4.92
N719 16.08 0.72 0.63 7.19

[a] Experiments were conducted by using TiO2 photoelectrodes with ap-
proximately 16 mm thickness and a 0.25 cm2 working area on the FTO
(15 W/sq.) substrates.

Figure 3. J-V curves of DSSCs based on the dyes 1–8.

Figure 4. IPCE plots for the DSSCs by using dyes 1–8.
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ciency of the DSSC because of the deviation of the two suc-
cessive aromatic segments from coplanarity for the dyes
with a longer spacer.[17b]

The recombination lifetime of the photoinjected electron
(tR) with the oxidized dye was measured by a transient pho-
tovoltage at open circuit. The electrolyte used was 0.5m of
LiClO4 or LiI in CH3CN. I2 was omitted to avoid the possi-
bility of a dark current. The resulting tR values are listed in
Table 3. The tR values are comparable and range from 0.16

to 0.20 ms in the presence of LiClO4. However, they are
slightly smaller than that of the N719-based device. In the
presence of LiI, regeneration of the sensitizer by the electro-
lyte retards the recombination and significantly increases tR

values, ranging from 1.49 to 10.30 ms relative to 8.83 ms for
the N719-based device. The longest electron lifetime found
in 6 is consistent with the highest VOC value for the 6-based
cell. The shortest lifetime in 5 is attributed to the slower dye
regeneration because of the higher HOMO level of the dye
(vide supra). In addition, when the vinyl group is inserted
into the spacer, both tR and VOC values decrease, that is,
tR(2)>tR(4) and VOC(2)>VOC(4). The same trend was also
found for compounds 6 and 7.

The use of thinner films of TiO2 is demanding for DSSCs
employing solvent-free ionic liquid electrolytes or solid-state
organic hole-transporting materials because of the limited
electron diffusion length.[26] However, optical absorption
will be sacrificed with the use of the thinner TiO2 film. It is
possible to settle this dilemma if the sensitizers possess suffi-
ciently high molar extinction coefficients. Sensitizers 1 and 6
possessing high molar extinction coefficients were, therefore,
tested for DSSCs with thinner sensitized-TiO2 films. The
performance parameters of the DSSCs with TiO2 films of
different thickness are listed in Table 4. With the thicknesses
of the TiO2 films at 6 mm, both the photocurrents and the
power conversion efficiencies of devices that utilize 1 and 6
were larger than that of the N719-based device. In the
region between 500 and 350 nm the IPCEs of 1 and 6 clearly
exceeded that of N719 (Figure 5). There should be the op-

portunity of panchromatic co-sensitization by using 1 or 6
with a sensitizer absorbing in the near-IR region.[27]

Theoretical approach : To gain insight into the relationship
between the structure and photophysical properties of the
dyes, some density functional calculations at the B3LYP/6-
31G* level were conducted. The computed frontier orbitals
of the compounds and their corresponding energy states are
included in Figure S2 (see the Supporting Information) and
Figure 6, respectively. In the optimized structure, no signifi-
cant deviation from planarity was found in the spacer be-
tween the arylamine and 2-cyanoacrylic acid (see Figure S3
in the Supporting Information). The dihedral angles be-
tween any two neighboring segments are �3.08 for com-
pounds 1, 2, 4, 5, and 7. In comparison, compounds with a
thiazolyl (abbreviated as Tha) or substituted thiophene (ab-
breviated as edoT) group have a larger dihedral angle be-
tween the fluorenyl segment (abbreviated as Flu) and the
heteroaromatic ring, ranging from 16.1 to 21.38 (compounds
3, 6, and 8). Further TD-DFT calculations of the dyes at the
same level were also performed (see the Experimental Sec-
tion), and the results are listed in Table S1 (see the Support-
ing Information). The HOMO and HOMO�1 orbitals in

Table 3. Recombination lifetime of the photoinjected electrons.

Dye 1 2 3 4 5 6 7 8 N719

tR [ms] 9.43 6.37 4.63 3.85 1.49 10.30 4.86 6.07 8.83

Table 4. Performance parameters of the DSSCs fabricated with different
TiO2 films.

Thickness Dye VOC [V] JSC [mA cm�2] h [%] FF

6 mm[a]
1 0.69 13.53 6.15 0.66
6 0.72 11.85 5.89 0.70
N719 0.76 11.48 5.79 0.66

10 mm[a]
1 0.68 14.47 6.38 0.65
6 0.71 13.02 6.38 0.69
N719 0.73 13.62 6.63 0.67

[a] Without a 300 nm-sized light-scattering layer.

Figure 5. IPCE of the DSSCs fabricated with 6 mm TiO2 films by using
dyes 1, 6, and N719.

Figure 6. Computed energy states of the compounds.
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these compounds are mainly composed of the diarylamine
and fluorenyl fragments, with some contribution from the
vinyl entity and the heteroaromatic ring. In comparison, the
LUMO and LUMO+1 orbitals are mainly composed of the
heteroaromatic ring and a 2-cyanoacrylic acid moiety, with
some contribution from one of the phenyl rings in the fluo-
renyl fragment and the vinyl entity. Consistent with the elec-
trochemical data, compound 5 containing a more electron-
releasing bis(trifluorenyl)amino group was calculated to
have the highest HOMO energy level, �4.77 eV. For all
molecules, the S1 state consists of a HOMO!LUMO transi-
tion exclusively, whereas the S2 state consists mainly of a
HOMO�1!LUMO transition (76–95 %). Both transitions
are typical p–p* transitions with charge-transfer character.
Based on the calculated oscillator strength, it is likely that
the observed band with the lowest energy is a combination
of S0!S1 and S0!S2 transitions. The calculated excitation
energies of the vinyl-free dyes are in the order of 1-ACHTUNGTRENNUNG(2.24 eV)>2 ACHTUNGTRENNUNG(2.16 eV)>6 ACHTUNGTRENNUNG(2.08 eV)>8 ACHTUNGTRENNUNG(1.98 eV), and the
trend is in parallel with the spectroscopic data. For the dyes
containing an internal vinyl entity, that is, 4, 5, and 7, their
corresponding energy gaps are smaller than those of the
vinyl-free analogues due to the elongated p-conjugation.

The Mulliken charges for the S1, S2, and S3 states were
also calculated from the TD-DFT results. Differences in the
Mulliken charges in the excited and ground states were cal-
culated and grouped into several segments, diarylamine
(Am, Am’, or Am’’), fluorene (Flu or Flu’), vinyl (v), hetero-
aromatic ring (T, edoT, Tha, or Tha’), and 2-cyanoacrylic
acid (Ac), to estimate the extent of charge separation upon
excitation (see Table S1 in the Supporting Information). Fig-
ure S4 (see the Supporting Information) displays the
changes in Mulliken charges of the dyes for the S0!S1 and
S0!S2 transitions. In general, there is significant charge
transfer from the arylamine donor to the 2-cyanoacrylic acid
acceptor for all S0!Sn (n=1–3) transitions, that is, signifi-
cant positive and negative charges are located at the donor
and acceptor, respectively. The negative charge accumulated
at 2-cyanoacrylic acid (Ac) was found to be larger in the
vinyl-free dyes 1, 2, 3, 6, and 8 (�0.37–0.44) than that in the
others (�0.32–0.34 for 4, 5, and 7). For the S0!S1 and S0!
S2 transitions of dyes 6, 7, and 8, the electron-withdrawing
nature of thiazolyl group (Tha) is evident from their greater
accumulation of Mulliken charges (�0.28–0.33 for S0!S1;
�0.13–0.15 for S0!S2) than the corresponding thienyl ana-
logues.

It is interesting to note that sensitizer 8, with heteroatoms
on the thiazole ring closer to the acceptor, has significantly
lower device efficiency than its isomer 6, containing heteroa-
toms away from the acceptor, after the dye concentration on
TiO2 is corrected. This outcome can be rationalized by two
factors: 1) there is better light-harvesting for 6 and 2) com-
pound 6 has a longer electron recombination lifetime. It is
known that the work function of the semiconductor can be
tuned by the interface dipole created by the organic mole-
cules anchored at the surface of the semiconductor.[28] We
speculate that the different orientation of the thiazolyl ring

leads to a different surface dipole of TiO2 and affects the
tendency of electron recombination.

Conclusion

In summary, we have synthesized a class of dipolar com-
pounds containing a fluorenyl segment and a heteroaromatic
ring as the conjugating bridge. These metal-free sensitizers
could be efficiently adsorbed on nanocrystalline anatase
TiO2 particles for the dye-sensitized solar cells application.
The very strong absorption of the dyes results in favorable
light harvesting and a high performance of the DSSCs has
been achieved. The maximum solar-energy-to-electricity
conversion efficiency under AM 1.5 irradiation is 6.88 %,
reaching 96 % of the standard cell of ruthenium dye N719
fabricated and measured under similar conditions. Density
functional studies provided further support on the high cell
performance of these dyes. DSSCs with a thinner film of
TiO2 had photocurrents surpassing that of the N719-based
device, which will pave the way for a future panchromatic
approach using co-sensitizers or an application in solid-state
DSSCs.

Experimental Section

General information : Unless otherwise specified, all the reactions were
performed under a nitrogen atmosphere by using standard Schlenk tech-
niques. THF was distilled from sodium and benzophenone under a nitro-
gen atmosphere. DMF and CH2Cl2 were distilled from CaH2 under a ni-
trogen atmosphere. The synthesis of starting materials and intermediates
are described in the Supporting Information. The synthesis of 1 was de-
scribed in our previous study.[17b] All chromatographic separations were
carried out on silica gel (60 M, 230–400 mesh). 1H and 13C NMR spectra
were recorded on a Bruker AMX400 or AV500 spectrometer. Mass spec-
tra (FAB) were recorded on a VG70–250S mass spectrometer. Elementa-
ry analyses were performed on a Perkin–Elmer 2400 CHN analyzer.
Cyclic voltammetry experiments were performed with a CH Instruments
electrochemical analyzer. All measurements were carried out at room
temperature with a conventional three electrode configuration consisting
of a platinum working electrode, a platinum wire auxiliary electrode, and
a nonaqueous Ag/AgNO3 reference electrode. The E1/2 values were deter-
mined as (Epa + Epc)/2, in which Epa and Epc are the anodic and cathodic
peak potentials, respectively. The potentials are quoted against the ferro-
cene internal standard. The solvent used in all experiments was THF, and
the supporting electrolyte was 0.1m tetrabutylammonium hexafluoro-
phosphate. Electronic absorption spectra were obtained on a Cary 50
Probe UV/Vis spectrophotometer.

Synthesis of 2 a–7 a : The syntheses of compounds 2a, 3a, and 6 a and
compounds 4a, 5a, and 7a follow similar procedures. Therefore, only the
synthesis of 2a and 4 a will be described in detail. The characterization
details for other compounds are provided in the Supporting Information.

9,9-Dihexyl-N,N-diphenyl-7-(thiophen-2-yl)-9H-fluoren-2-amine (2 a):
Dry toluene (40 mL) was added to a flask containing a mixture of 7-(di-
phenylamino)-9,9-dihexyl-9H-fluoren-2-yl-boronic acid (2.40 g,
4.4 mmol), 2-bromothiophene (0.65 g, 4.0 mmol), Na2CO3 (2 m in H2O,
8.0 mL, 16.0 mmol), and [PdACHTUNGTRENNUNG(PPh3)4] (0.19 g, 0.16 mmol). After the reac-
tion mixture had been refluxed for 24 h, the solvent was removed and
the residue was extracted with CH2Cl2/brine. The organic layer was dried
over anhydrous MgSO4, then filtered and dried. The crude product was
further purified by column chromatography by using CH2Cl2/hexanes
(1:2) as the eluent to give 2a as a pale-yellow solid (2.1 g, 68%).

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 3184 – 31933190

J. T. Lin et al.

www.chemeurj.org


1H NMR (CDCl3): d=7.61–7.58 (m, 2H), 7.52–7.44 (m, 3 H), 7.25–7.21
(m, 5 H), 7.10–7.06 (m, 5H), 7.00–6.93 (m, 4H), 1.88–1.83 (m, 4 H), 1.24–
1.09 (m, 12H), 0.75 (t, J =7.1 Hz, 6 H), 0.70–0.60 ppm (m, 4H); FAB-MS:
m/z : 583.4 [M+].

(E)-9,9-Dihexyl-N,N-diphenyl-7-[2-(thiophen-2-yl)vinyl]-9H-fluoren-2-
amine (4 a): A mixture of diphenylamine (0.19 g, 1.1 mmol), 2-[2-(7-
bromo-9,9-dihexyl-9H-fluoren-2-yl)vinyl]thiophene (0.52 g, 1.0 mmol),
sodium tert-butoxide (0.14 g, 1.5 mmol), PdACHTUNGTRENNUNG(OAc)2 (4.5 mg, 0.02 mmol),
tri(tert-butyl)phosphine (5.5 mg, 0.02 mmol), and dry toluene (20 mL)
was refluxed under nitrogen for 16 h. After cooling, the reaction mixture
was quenched with water and the mixture was extracted with CH2Cl2.
The combined organic layer was washed with brine and dried over anhy-
drous MgSO4. After filtration and removal of the solvent, the crude prod-
uct was further purified by column chromatography by using CH2Cl2/
hexane (1:1) as the eluent to yield 4 a as a pale-yellow oil (0.43 g, 70%).
1H NMR (CDCl3): d =7.70 (d, J=8.4 Hz, 2 H), 7.66 (s, 1H), 7.53 (dd, J=

8.0, 1.6 Hz, 1 H), 7.48 (d, J =16.0 Hz, 1H), 7.35 (d, J=5.2 Hz, 1H), 7.31–
7.26 (m, 4H), 7.18–7.16 (m, 2H), 7.08–7.01 (m, 9 H), 1.90–1.80 (m, 4H),
1.12–1.02 (m, 12 H), 0.78 (t, J =7.2 Hz, 6 H), 0.70–0.64 ppm (m, 4H);
FAB-MS: m/z : 609.9 [M+].

Synthesis of 2 b–8 b : The syntheses of compounds 2 b–5b and compounds
6b and 7b, follow similar procedures. Therefore, only the synthesis of 2b,
6b, and 8 b will be described in detail. The characterization details for
the other compounds are provided in the Supporting Information.

5-[7-(Diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl]thiophene-2-carbalde-
hyde (2 b): nBuLi (1.6 m in hexane, 1.38 mL, 2.2 mmol) was added drop-
wise at �78 8C to a solution of 2a (1.17 g, 2.0 mmol) in anhydrous THF
(10 mL). After the solution had been stirred at �78 8C for 1 h, dry DMF
(1 mL) was added slowly. After the addition, the solution was stirred at
�78 8C for 30 min, then warmed to room temperature and stirred over-
night. The reaction was quenched by the addition of dilute HCl aqueous
solution and the mixture was extracted with CH2Cl2. The combined or-
ganic layer was washed with brine and dried over anhydrous MgSO4.
After filtration and removal of the solvent, the crude product was further
purified by column chromatography by using CH2Cl2/hexanes (1:1) as the
eluent to yield 2b as a yellow solid (0.89 g, 73%). 1H NMR (CDCl3): d=

9.87 (s, 1H), 7.73 (d, J=4.0 Hz, 1 H), 7.64–7.61 (m, 2H), 7.55–7.53 (m,
2H), 7.42 (d, J =4.0 Hz, 1H), 7.25–7.21 (m, 4H), 7.11–7.08 (m, 5H),
7.02–6.98 (m, 3H), 1.88–1.84 (m, 4H), 1.23–1.09 (m, 12H), 0.75 (t, J =

7.1 Hz, 6 H), 0.70–0.60 ppm (m, 4H); FAB-MS: m/z : 611.3 [M+].

2-[7-(Diphenylamino)-9,9-dihexyl-9 H-fluoren-2-yl]thiazole-5-carbalde-
hyde (6 b): nBuLi (1.6 m in hexane, 1.38 mL, 2.2 mmol) was added drop-
wise at �78 8C to a solution of 6a (1.17 g, 2.0 mmol) in anhydrous THF
(10 mL). The solution was stirred at �78 8C for 1 h, then a solution of N-
formylmorpholine (0.30 mL, 3.0 mmol) in anhydrous THF (10 mL) was
added slowly. After the addition, the solution was stirred at �78 8C for
30 min, then warmed to room temperature and stirred overnight. Saturat-
ed NH4Cl solution was added and the solution was stirred at room tem-
perature for 15 min. The organic phase was separated and the aqueous
layer was extracted with CH2Cl2. The combined organic layer was
washed with brine and dried over anhydrous MgSO4. After filtration and
removal of the solvent, the crude product was further purified by column
chromatography by using CH2Cl2/hexanes (3:2) as the eluent to yield 6 b
as a yellow solid (0.86 g, 70%).

5-[7-(Diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl]thiazole-2-carbalde-
hyde (8 b): Dry toluene (40 mL) was added to a flask containing a mix-
ture of 7-(diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl boronic acid
(2.40 g, 4.4 mmol), 2-(1,3-dioxolan-2-yl)-5-iodothiazole (1.13 g, 4.0 mmol),
Na2CO3 (2 m in H2O, 8.0 mL, 16.0 mmol), and [Pd ACHTUNGTRENNUNG(PPh3)4] (0.19 g,
0.16 mmol). After the reaction mixture had been refluxed for 24 h, the
solvent was removed and the residue was extracted with CH2Cl2/brine.
The organic layer was dried over anhydrous MgSO4, then filtered and
pumped dry. Glacial acetic acid (25 mL) was added to the crude product
and the mixture was heated to 50 8C. After the solution turned clear,
water (4 mL) was added and the solution was stirred at 50 8C for another
3 h. The solution was cooled and iced water (50 mL) was added. The pre-
cipitate formed was filtered, washed with water and methanol, and then
dried. The crude product was further purified by column chromatography

by using CH2Cl2/hexanes (1:1) as the eluent to give 8b as a pale-yellow
solid (1.35 g, 55%). 1H NMR (CDCl3): d=9.95 (s, 1H), 8.29 (s, 1 H), 7.63
(d, J=8.0 Hz, 1H), 7.59 (dd, J= 8.0, 1.6 Hz, 1H), 7.55 (d, J =8.0 Hz, 1H),
7.50 (d, J =1.2 Hz, 1H), 7.26–7.22 (m, 4 H), 7.12–7.08 (m, 5H), 7.03–6.99
(m, 3 H), 1.90–1.83 (m, 4H), 1.12–1.04 (m, 12H), 0.77 (t, J =7.2 Hz, 6 H),
0.70–0.63 ppm (m, 4H); FAB-MS: m/z : 612.2 [M+].

Synthesis of compounds 2–8 : Compounds 2–8 were synthesized by similar
procedures. Only the synthesis of 2 will be described in detail. The char-
acterization details for other compounds are provided in the Supporting
Information.

(E)-2-Cyano-3-{5-[7-(diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl]thio-
phen-2-yl} acrylic acid (2): Acetic acid (10 mL) was added to a mixture
of 5-[7-(diphenylamino)-9,9-dihexyl-9H-fluoren-2-yl]thiophene-2-carbal-
dehyde (0.61 g, 1.0 mmol), cyanoacetic acid (0.085 g, 1.0 mmol), and am-
monium acetate (0.019 g, 0.25 mmol). The mixture was heated at 120 8C
for 16 h and then allowed to cool to room temperature. Water was added
and the resulting solid was filtered and washed with water to afford the
crude product. It was further purified by column chromatography on
silica gel by using CH2Cl2 then CH2Cl2/acetic acid (5:1) as the eluents to
yield 2 as a dark-red solid (0.45 g, 66%). 1H NMR (CDCl3): d =8.34 (s,
1H), 7.89 (d, J =4.0 Hz, 1H), 7.67 (d, J =8.0 Hz, 1 H), 7.61 (d, J =8.0 Hz,
1H), 7.54–7.57 (m, 2H), 7.48 (d, J =4.0 Hz, 1H), 7.25 (dd, J= 8.0, 8.0 Hz,
4H), 7.08–7.12 (m, 5 H), 7.00–7.04 (m, 3H), 1.84–1.95 (m, 4 H), 1.03–1.14
(m, 12H), 0.77 (t, J=7.1 Hz, 6 H), 0.60–0.68 ppm (m, 4 H); 13C NMR
(CDCl3): d=167.2, 157.3, 152.7, 151.8, 148.0, 147.8, 143.2, 140.4, 134.1,
130.4, 129.2, 125.8, 124.2, 123.2, 122.9, 121.8, 120.9, 120.5, 119.7, 118.7,
115.9, 95.8, 55.3, 40.1, 31.5, 29.5, 23.8, 22.5, 14.0 ppm; FAB-MS m/z : 678.3
[M+]; HRMS: m/z : calcd for C45H46N2O2S: 678.3280; found: 678.3283
[M+]; elemental analysis calcd (%) for C45H46N2O2S: C 79.61, H 6.83, N
4.13; found: C 79.75, H 7.15, N 4.05.

Assembly and characterization of DSSCs : The TiO2 electrode with a
0.25 cm2 geometric area was immersed in an acetonitrile/tert-butanol mix-
ture (1:1) containing bis(tetrabutyl-ammonium)-cis-di(thiocyanato)-N,N’-
bis(4-carboxylato-4’-carboxylic acid-2,2’-bipyridine)ruthenium(II) (3 �
10�4

m, N719, Solaronix S.A., Switzerland) or in a THF solution contain-
ing organic sensitizers (3 � 10�4

m) for at least 12 h. A platinized FTO was
used as a counter electrode and was controlled to give an active area of
0.36 cm2 by adhered polyester tape with a thickness of 60 mm. After rins-
ing with CH3CN or THF, the photoanode was placed on top of the coun-
ter electrode and they were tightly clipped together to form a cell. Elec-
trolyte was then injected into the space and the cell was sealed with Torr
Seal cement (Varian, MA, USA). The electrolyte was composed of lithi-
um iodide (LiI, 0.5 m), iodine (I2, 0.05 m), and 4-tert-butylpyridine (TBP,
0.5m) dissolved in acetonitrile. A 0.6� 0.6 cm2 cardboard mask was clip-
ped onto the device to constrain the illumination area. The photoelectro-
chemical characterizations on the solar cells were carried out by using a
modified light source, a 300 W Xe lamp (Oriel 6258) equipped with a
water-based IR filter, and AM 1.5 filter (Oriel 81088). Photocurrent-volt-
age characteristics of the DSSCs were recorded with a potentiostat/galva-
nostat (CHI650B, CH Instruments, USA) at a light intensity of
100 mW cm�2 measured by a thermopile probe (Oriel 71964). The light
intensity was further calibrated by an Oriel reference solar cell (Oriel
91150) and adjusted to be 1.0 sun. The monochromatic quantum efficien-
cy was recorded through a monochromator (Oriel 74100) at short circuit
condition. The intensity of each wavelength was in the range of 1 to
3 mW cm�2.

The photovoltage transients of assembled devices were recorded with a
digital oscilloscope (LeCroy, WaveSurfer 24Xs). Pulsed laser excitation
was applied by a Q-switched Nd:YAG laser (Continuum, model Minilite
II) with a 1 Hz repetition rate at 532 nm and a 5 ns pulse width at half
height. The beam size was slightly larger than 0.5 � 0.5 cm2 to cover the
area of the device with an incident energy of 1 mJ cm�2. The recombina-
tion lifetime of photoinjected electrons with oxidized dyes was measured
by transient photovoltages at open circuit in the presence of LiClO4 or
LiI electrolyte (0.5 m). The average electron lifetime can be estimated ap-
proximately by fitting a decay of the open circuit voltage transient with
exp ACHTUNGTRENNUNG(�t/tR), in which t is time and tR is an average time constant before
recombination.
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Computational methodology : Geometrical optimization of the molecules
at the density functional level was carried out with Q-Chem[30] software
by using the B3LYP exchange-correlation functional and the 6-31G*
basis set. The gas-phase time-dependent DFT (TD-DFT) calculations at
the same level were performed on the basis of the geometry in the
ground state. TD-DFT calculations were previously employed to charac-
terize excited states with charge-transfer character.[31] In some cases, un-
derestimation of the excitation energies was observed.[31, 32] Therefore, in
the present work, we characterize the electronic configuration and avoid
drawing conclusions from the excitation energy.
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